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ABSTRACT

Error reduction techniques for the Long Trace Profiler are presented. Techniques that have been used for years are
critiqued, and new methods are suggested.
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1. INTRODUCTION

Many instruments and techniques are used for measuring long mirror surfaces. A Fizeau interferometer may be
used to measure mirrors much longer than the interferometer aperture size by using grazing incidence at the mirror surface
and analyzing the light reflected from a flat end mirror. Advantages of this technique are data acquisition speed and use of a
common instrument. Disadvantages are reduced sampling interval, uncertainty of tangential position, and sagittal/tangential
aspect ratio other than unity. Also, deep aspheric surfaces cannot be measured on a Fizeau interferometer without a specially
made fringe nulling holographic plate. Other scanning instruments have been developed for measuring height, slope, or
curvature profiles of the surface, but lack accuracy for very long scans required for X-ray synchrotron mirrors. The LTP was
developed' specifically for long X-ray mirror measurement, and still outperforms other instruments, especially for aspheres.
Thus, this paper will focus on error reduction techniques for the LTP.

The LTP has its precursors. The scanning autocollimator’* was developed by Horne in 1972 and the pencil beam
interferometer’ was developed by von Bieren in 1983. The introduction of the LTP in 1987 was a quantum instrumental
improvement over methods that then existed for measuring long X-ray mirrors. The LTP that is used today consists of
improvements which have evolved over a decade. Qian et al. have enumerated® one set of LTP errors for the measurement
of mirrors with a small length-curvature product.

Errors may be classified into two groups: 1) systematic, and 2) external. In addition, both of these may be either a
function of time or independent of time (repeatable). Systematic errors are consistently introduced by the instrument. An
example of a repeatable systematic error may be carriage pitch error introduced from non-flatness of the ceramic beam over
which the air bearing travels, while a nonrepeatable systematic error may be laser beam pointing change. Examples of
external errors are laboratory temperature change and operator mistakes. The systematic errors may be compensated, and the
nonrepeatable errors may be reduced by averaging.

2. DOUBLE PROBE BEAM

The significant difference between the LTP and its precursors for measuring long mirrors was its ability to
accurately quantify slope as a function of tangential position of the mirror surface. A large contribution to this accuracy was
the double probe beam with almost zero optical path difference between beams. Phase difference between two beams after



Figure 1. LTP optical system. For a single beam, CR1 is missing
and the probe beam path is shown by the dashed line only.

reflection from a surface is measured instead of the intensity centroid of a single beam. Thus the detection and conversion to
slope are far less influenced from certain noise sources. If the corner reflector translation mechanism in the LTP optical
system is not sound, however, the detection and analysis may be influenced by this source of noise.

When a single beam is used, angle of the reflected beam is converted to position on a detector array, as shown in
Figure 1. Slope value is calculated simply as proportional to the position of the intensity centroid along the v axis (along the
detector array). The intensity centroid is easily influenced by amplitude variations in the reflected probe beam. For example,
dirt or stains on the surface and temporal atmospheric changes will add noise to the surface profile.

As seen in Figure 2, the double beam is considerably less sensitive than the single beam to stains and small
scratches on the nickel surface of the nominally flat mirror. Signal processing techniques, such as filtering, could improve
the appearance of the surface profile. However, filtering could also improve the appearance of the surface obtained with a
double beam. If signal processing is used to remove noise, it will invariably remove part of the signal.
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Figure 2. Comparison of single and double probe beam measurements.

Single beam: Vrms = 8.43 prad. Double beam: Vrms = 1.47 prad.



3. REFERENCE BEAM

A significant improvement of the LTP was the addition of a reference (REF) beam’ to compensate for effects of
carriage pitch. This is done by measuring the slope function of a stationary mirror at a fixed place while the slope function
of the surface under test (SUT) is taken at several points along the measurement line. After the two slope functions are
measured, the REF function is subtracted from the SUT function, thus giving a surface slope function with reduced carriage
error.

Figure 3 shows the results of measuring a surface with a significant source of noise in the carriage path. (The
carriage was made to run over a thin shim for approximately 5 mm of the carriage travel.) Figure 3a is the SUT slope
function alone, and Figure 3b is that of the REF function alone. The corrected function, obtained by subtracting the REF
from the SUT slope function, is shown in Figure 3c. The source of carriage noise is seen to be compensated; the total
variation is reduced by approximately 35 prad over a scan of 180 mm.

At first the REF was used for compensation of all systematic error’. It was later realized® that laser pointing
instability contributed in a way that exacerbated the error when carriage pitch was compensated. A solution® was to monitor
the laser beam pointing separately and to compensate for it separately. Bresloff and Takacs’ solved this problem a different
way by inserting a dove prism in the REF beam path at the carriage. Then both types of errors had the same slope sign, and
could be removed by a single subtraction.

It is important for both errors to have the same slope sign if they are to be removed in one subtraction (or addition).
The mounting of the SUT with respect to the LTP will require a certain orientation of the dove prism. An incorrect
orientation will result in increased SUT measurement error. The reasoning for proper dove prism orientation for each case of
SUT mounting is too lengthy to be given here. However, reference is made to another paper'® which does explain the
mathematical development and gives a compact notation for determining this for any SUT mounting. A summary of dove
prism orientations with respective SUT mountings is given in Table 1.

It is assumed that one pentaprism PP1 is used for bending the probe beam (pair) in order to produce a horizontal
probe beam for the -z mounting case, and that two pentaprisms or mirrors are used for producing an upward propagating
probe beam for the -y mounting case. In Table 1 the SUT mounting is the direction of the normal of the mirror surface. The
+y direction is the usual upward mounting. Figure 4 shows a SUT in the -z direction (horizontal mounting). The dove prism
orientation is the direction of the outward normal of the prism's long (internally reflecting) surface. This direction is given in
Table 1 in terms of direction cosines (0, {3, y), with the origin near the polarized beamsplitter BS2.
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Figure 3. Compensation for carriage pitch error.
(a) SUT signal; (b) REF signal; (c) REF subtracted from SUT.



SUT Mounting Dove Prism Orientation

+y (0,-1,0)

-z (0,-0.707, +0.707 )

-y ( no dove prism )
Table 1.

4. AVERAGING

In a poor environment the random errors from floor vibrations, temperature variations, and air turbulence can be
devastating to any attempt at accurate measurements. Lammert et al. have given an extensive report'' on these kinds of
errors, and have suggested effective means to minimize them. If the noise is attributed to a truly random process and if the
distribution of noise is uniform, then it is expected that the noise can be reduced by simple averaging according to

Vrms(N) = Vrms(1) / VN , (1)

where Vrms( N ) is the rms (root mean square) variation of N averaged measurements and Vrms( 1 ) is the rms variation of
one typical measurement.

When the measurement noise is no longer a uniform random process then averaging cannot be expected to improve
the measurement of the surface. Averaging large numbers of measurements may in fact give a larger Vrms than for a smaller
number of measurements. This is the case when external errors influence the measurements in the time it takes to do many N
measurements. Becoming familiar with the LTP environment and the LTP system is perhaps the most effective way to judge
the optimum value of N.

5. TRANSLATION ALONG THE MEASUREMENT AXIS

For a "best effort" measurement, the SUT should be translated in the x direction between measurements. Certain
systematic LTP errors can be identified by the artifacts that don't change with fixed LTP stage position. Simple averaging
(above) may be adequate in reducing these errors. If the LTP system is stable enough, then these artifacts may be quantified
and subtracted as a reference to those errors.
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Figure 4. Proper Dove prism orientation in the REF beam for horizontal mounting.



6. SYMMETRIC ERROR REMOVAL

Certain errors of symmetry may be reduced'”. We claim that a measured height profile H( x ) along the x direction
consists of a signal part (true surface) Hs( x ) and a noise part (error) Hn( x ). In addition, any function may be separated
into its even He( x ) and odd Ho( x ) parts. Thus a measurement in the forward direction gives

He(x) = Hse(x) + Hso(x) + Hne(x) + Hno(x). 2)

If this mirror is rotated 180 degrees on the LTP stage, then the signal part will be reversed but the noise part (repeatable,
systematic) will be the same:

Hr(x) = Hse(=x) + Hso(=x) + Hne(x) + Hno(x). 3)
Now recall the definitions of even and odd functions:

He(=x) = He(x), 4)
Ho(=x) = -Ho(x). (5)

In the LTPw program (LTP control and analysis software for Windows95) the reverse measurement profile may be unrotated
to give

Hy(x) = Hr(x) = Hse(x) + Hso(x) + Hne(=x) + Hno(x)
= Hse(x) + Hso(x) + Hne(x) — Hno(x). (6)

Averaging the forward (Equation (2)) and unrotated (Equation (6)) measurements gives
H(x) = [Hg(x)+ Hy(x)]/2 = Hse(x) + Hso(x) + Hne(x), @)

which is the actual surface plus only the even part of the error. The odd part of the height error has been removed. Figure 5
shows this process graphically.

This analysis has been for height profiles because rotating a height function is more intuitive than rotating a slope
function. However, the LTP measures slope. Therefore, since slope is the first derivative of height, we say that the
symmetric part of the slope error is removed.

The measurements which demonstrated this error reduction technique were made years ago'” with a LTP optical
system that had severe optical aberrations. An improved optical system has pushed this source of noise into the
submicroradian level, and is now more difficult to measure. However, this technique was demonstrated more recently'* by
purposely adding a distorted window to the LTP optical system.
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Figure 5. Forward (top) and reverse (bottom) profile components of a mirror.



7. ANTISYMMETRIC ERROR REMOVAL

Notice that in Figure 5 the mirror is rotated around the vertical line of symmetry. This changes the odd height
function, but not the even height function. In order to change the even height function, its odd orthogonal equivalent must be
rotated. This can be done by rotating the mirror about the horizontal line of symmetry. The analysis of Equations (2)
through (7) and Figure 5 is valid in this case if slope S( x ) is substituted for height H( x ).

If the surface existed with no substrate, then the mirror would only have to be flipped upside down, and the back
side measured. Real mirrors have a substrate, so this is impractical. However, one can rotate the mirror about the horizontal
axis of symmetry and measure the mirror with the surface facing downward (-y normal). Two important sources of
antisymmetric, repeatable, systematic error can be reduced with this process. One error source of this type is when the REF
probe beam moves along the surface of a non-flat reference mirror. The other comes from a gradual tilting or bending of the
stage which may be coupled with position of the carriage. Both of these error sources make the mirror appear to be slightly
more concave or convex.

Measurements of a nominally flat mirror 177 mm long and a poor REF mirror are shown here to demonstrate the
effectiveness of antisymmetric error removal. The mirror has been measured in forward and reverse directions to remove
symmetric error and upwards and downwards to remove antisymmetric error. Figure 6 shows the measurements after
symmetric error removal and then after combining (simple averaging in this case) to remove antisymmetric error. In all cases
this thick mirror has been mounted at the L /8 points (L = 177 mm) in order to maintain the same curvature despite gravity
bending. As seen in Figure 6¢ there is clearly a difference in radius of curvature between the two measurement orientations.
The corrected radius of the mirror is 738 m (concave).

A horizontal measurement of a similar region of the same mirror by a Zygo GPI (Fizeau type) interferometer shows
that the mirror is also concave with R=736 m. The Zygo interferometer’s reference is flat within A/30, which would
contribute an insignificant error to the radius.

When performing symmetric or antisymmetric error reduction it is important to repeat the measurement by changing
only the mirror surface orientation. The repeatable errors must be repeated. The measurements shown in Figure 6 were
made with an internal beamsplitter instead of a dove prism. (LTPw is general enough to analyze intensity patterns of any
SUT mounting from either a dove prism (2 patterns) or internal beamsplitter (3 patterns) measurement.) This way the
position of the probe beam on the REF mirror as a function of x was maintained. When a dove prism is used for the upward
measurement, the probe beam will in general be at a different place on the REF mirror than when the dove prism is removed
for the downward measurement. This difference will change the repeatable errors significantly with a poor quality REF
mirror or with a necessarily displaced REF beam.
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Figure 6. Compensation for antisymmetric error.

(a) Upward: R=1034m. (b) Downward: R=574m. (c) Averaged: R=738 m.



8. ABSOLUTE SLOPE VALUE

Perhaps the most important parameter of a synchrotron X-ray mirror is its radius of curvature. A typical radius for
such a mirror may be from 10 m to 5000 m. The LTP measures slope values of the mirror surface, and it is from these
numbers that radius of curvature is determined. Therefore, it is important that the absolute slope value measurements be
correct. There are currently two methods for calibrating the LTP for proper slope measurement.

One method uses the measurement of a mirror with known radius of curvature. The most accurately determined
radius of curvature is measured on a radius bench with interferometer nulls achieved at the catseye and confocal positions'.
A practical limit for measuring a mirror in this way is set by a radius bench with a length of about 10 m. Thus, a mirror with
a 10 m radius of curvature may be used for calibrating the LTP absolute slope measurement. The chief error from this type
of calibration comes from the uncertainty in determining the slope at precise x locations, especially since the scan length
along x will be less than 100 mm (for a LTP slope measurement range of 10 mrad). If the measurement interval is 1 mm and
the carriage position has an uncertainty of 1 pm, then the slope calibration will have an error of 0.1%, assuming that the
mirror’s figure is perfect.

Another method"® measures the angular spacing between intensity patterns that are produced by a diffraction
grating. An error analysis' using the grating equation assumes that error is from two sources: uncertainty of the grating
groove frequency (can be known to 6 decimal places) and uncertainty of the probe beam wavelength. With a stabilized,
single frequency HeNe laser the wavelength can be known to 8 decimal places. In principle then, the slope calibration could
have an error of better than 0.001%. If an ordinary laser diode (A =670 nm) is used as a probe beam source, then the
wavelength uncertainty is 2 nm, in which case the slope calibration will have an error of 0.3%. This is demonstrated by the
periodic slope calibrations that are given the LTP in the Advanced Light Source Optical Metrology Lab. It is seen that
adjustment for the slope calibration can vary by about 0.2%, depending on lab temperature.

9. SUMMARY

Several sources of error in LTP measurements are presented. Techniques for reducing error from amplitude noise,
carriage pitching, and laser pointing instability are shown to be effective. Methods for calibrating the LTP for absolute slope
measurement are also presented and a discussion given on their limitations.

In addition, symmetric and antisymmetric error reduction techniques are presented. The “nominally flat” mirror
used for this demonstration is not flat by today’s standards for X-ray synchrotron mirrors, but it serves to show the principle
of antisymmetric error reduction. For radii of curvature over 10000 m, the errors from imperfections in the LTP optical
system components are on the same order of magnitude as errors introduced by adding hardware for a downward
measurement. The torque on the carriage from the added hardware causes the probe beam to pass through the components at
different positions, making these systematic errors unrepeatable.
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